Magnetic resonance imaging (MRI) is an attractive non-invasive angiographic device, not requiring nephrotoxic contrast agents and damaging exposure to radiation such as traditional angiography and multislice computed tomography (MSCT). It has previously been shown to provide consistently accurate non-invasive information from the stented regions of peripheral vessels, even under stenotic conditions, using nickel titanium (NiTi) stents.
. Patients who are thought to have coronary ISR frequently undergo invasive catheter based x-ray angiography to assess the severity of stenosis. However, x-ray angiography has known risks including bleeding, vascular injury, ionizing radiation, stroke, and even death 3 . Intravascular ultrasound (IVUS) can be performed at the time of angiography in order to more precisely measure the degree of stenosis and provide the anatomy of ISR [4] [5] [6] [7] [8] [9] . Since IVUS is an invasive procedure that requires placement of a coronary catheter and anticoagulation. In addition, at times there is difficulty in the visualization of in-stent plaques with low echogenicity.
Multislice computed tomography (MSCT) is currently a successful and promising technique in coronary and peripheral applications [10] [11] [12] [13] [14] [15] [16] , but it has several disadvantages such as the use of iodine based nephrotoxic contrast agents and exposure to radiation.
Over the past few years, MRI has become popular in clinical applications. It is a non-invasive method that does not require exposure to x-rays, has minimal risk of . The black-blood method is the sequence to make the blood signal void by combining the maximized tissue signal with the unexcited blood signal. This study shows that finely detailed MR images using blackblood method are able to describe the broadened coronary vessel wall. 
MATERIALS AND METHODS

Phantom Study
Phantom Model
A vascular phantom was used to evaluate the signal intensity from a stented region using a 3.5 mm generic 54/46 NiTi stent (Boston Scientific, Natick, MA). Figure 1 shows the geometry of the stent that was utilized in the experiment. As seen on Figure 2 , the stent was deployed in a polyvinyl chloride (PVC) tube (inner diameter = 3.246 mm).
The tube was perfused with water. The stented vessel was placed parallel to the magnetic field axis B 0 . A Little giant pump (Little Giant, Oklahoma, OK) was used to simulate constant flow at 130~160 ml/min. To examine the accuracy of velocity assessment by MRI, phase maps were changed into velocity maps and flow rate and velocity distribution with stented lumen were analyzed, using MATLAB (The Mathworks, Natick, MA) code (Appendix A). The velocity profile was calculated along x-axis and y-axis within the stented vessel, and was compared with the theoretical Hagen Poiseuille profile.
MRI Procedure
The phantoms were placed in the isocenter of the 3 T Philips Intera (Philips (1)
Where Ф v is the phase shift (180° to -180º), Venc is the encoding velocity and V is the velocity of blood flow calculated by PC MR.
Rabbit Study
Arterial Model
Generic 3.5 mm 54/46 NiTi stents was deployed in the descending aorta in three New Zealand white adult rabbits. Angiographic images were obtained before and after stent implantation.
Angiography and Stent Implantation
Two weeks after housing, the animals were anesthetized and underwent catheterization and stent implantation. Twelve hours prior to the catheterization process food was taken away. The day of the procedure, the animal was anesthetized with ketamine/xylazine 35/5 mg/kg. An endotracheal tube was inserted and connected to a respirator operated with a tidal volume of 40 ml at a rate of 12 breaths per minute.
Anesthesia was sustained via isoflurane 2%. Heart rate and blood oxygen saturation was monitored using a pulse-oxymeter placed on the animal's tongue. During the catheterization, blood pressure was monitored. Aspirin and clopidogrel were given beginning the day before the procedure. Heparin was given intravenously at the time of the procedure as an antithrombotic.
Standard balloon angioplasty was performed as follows: the left carotid artery was surgically exposed and vascular access was obtained. Minimal lumen and reference diameter was measured by IVUS (Boston Scientific, Natick, MA) and the outer diameter of the contrast-filled catheter was used for calibration.
MRI Procedure
For each MRI procedure, the animals were anesthetized using the anesthetic technique and were transported to the 3 T MRI facility. The animals were placed in the 
RESULTS
Phantom Study
The phantom studies provided excellent visibility in the stented region as shown in the magnitude and phase images in Figure 4 . The comparison with the non-stented region is shown in Figure 5 . DICOM interpolates to show smaller pixels. Figure 6 Rabbit Study Figure 8 demonstrates the anatomy of a rabbit's aorta with the 3.5 mm NiTi stent.
As shown in Figure 8 , the aorta with the 3.5 mm NiTi stent becomes visible from the surrounding abdominal tissue and blood. There does appear to be some susceptibility artifact near the edges of the aorta. Images were acquired at 3 T with FOV of 15 cm, 0.29 mm pixel resolution, and 2 mm slice thickness. Figure 11 shows CT images, and Figure 12 shows IVUS images using a catheter inside and outside of the stented region in the rabbit's abdominal aorta. As seen in Figure   11 (a), the stent strut is vividly detected in the stented area. There are no susceptibility artifacts in CT; as illustrated in Figure 12 , IVUS provides a picture bright enough to accurately measure the diameter. Table 1 Furthermore, to investigate the accuracy of diameter measurement, the Bland-Altman method 26 was used. In this graphical method, the differences between the two techniques are plotted against the average of the two techniques. With the method of least squares, the regression line is plotted, combined with all data from each experiment. If the slope of the regression approaches 0 and dots exist in confidence interval, it can be concluded that the technique has reliability. Figure 13 , 14, 15, and 16 show diameter comparisons of MSCT, MRI, and IVUS using the Bland-Altman plot. The number of dots appears to be small because many dots have the same position. However, the slope of the regression is low, and almost all of the dots are in 95% confidence interval. Therefore, MRI and MSCT are reliable in measuring the diameter of stented lumen. Table 4 , 5, and 6 show the velocity comparison from the three experiments:
Region of Interest (ROI) of several voxels at the centerline of the lumen was increased to every useful area in the entire lumen. As the diameter of ROI becomes larger, the velocity of blood flow decreases. However, in the stented part of the artery, the lumen has a small useful ROI because of signal loss by radio frequency shielding artifacts near the wall. For this reason, the velocity of the stented lumen with a large ROI was not possible to be determined. however, these two studies did not assess ISR after stent deployment.
MRI hampers direct visualization of the coronary arteries after stent implantation due to the artifacts caused by metallic stents. Few studies evaluated ISR by direct determination of coronary artery blood flow velocities using MR flow measurements 18, 31 though these studies have few limitations including slow vaso-reactivity of the microcirculation and long scan time.
Direct PC MR measurements in the stented area in vitro have been previously made by our group in peripheral stents in non-stenosed stents 27 and in-stents with 50, 75
and 90% stenosis 28 . The present study adds to our previous results by demonstrating the capability of MRI to assess the lumen of smaller stented arteries such as the coronary both clinically and in vitro. Accurate non-invasive measurement of velocity in the stented area may allow the calculation of in-stent translesional pressure gradient and peak systolic velocity ratio (PSVR) which could be parameters to be used as alternative noninvasive indices of in-stent stenosis for prediction of stenosis in stented vessels. The PSVR is the ratio between the systolic velocity in the target vessel with and without stenosis [32] [33] [34] . The PSVR method using the quantitative MRA may be valid for the detection of ISR within stented vessels. The future study will demonstrate that the feasibility of PSVR method to quantify flow within stented vessels. If these measurements can be preformed in the presence of ISR, these techniques may be applied as a noninvasive means of screening for interventional ISR procedures.
